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® Sangyong talked about all the interesting new stuft!
® | will deal with the current status of JETSCAPE,

® Most of what I will discuss is currently already in the
JETSCAPE framework

® [ will talk about mostly MATTER, some MARTINI,
mention the word AdS/CFT

® Present the current setup, and what is included.



Scale dependence: of probe and target

The medium looks different at different length scales
The probe behaves differently at different scales

Need a comprehensive tool to study QGP with jets

RHIC Jet Probes

LHC Jet Probes
QGP Influenc
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Jets in a medium, grand picture
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Hard sector: theoretically

Start with single gluon emission and consider multiple scattering
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AM. Phys.Rev. D85 (2012) 014023



This needs to be repeated

T D oA S S SRR T

® Usual assumption, multiple emissions are independent!

® The reason for this depends on your approximation scheme



Consider the case of one emission in
vacuum
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One emission from multiple scattering
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One emission from multiple scattering

/dlldqudy C.F. §° (qL—I—lLZkiniZkinli)

i=1 j=1 =1 k=1
=Dk =Yk Ly R -k
zL YR =S R (L -y R = k)
H / J d°0yip(pl AT (y; + 0y ,O) AT (y; s =0y )P ini sy,
2pT(NZ — 1)
Cr ){6_”“ TEVE eI } —0(Cr —yp)e T T — O(yp — (e T }

ip T i+:1;L_ — —\ P x — —z:z:L
_(Cc_yo){ep Yo — P CC}_Q(C(J_?JC)ep o —0(ye — (e e’ CC}



if 1T >> kT , can expand in ratio
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Can show that this reduces to the case of single scattering induced

single emission as in Wang and Guo Nucl.Phys. A696 (2001) 788-832.



Each of these has multiple scattering

Need to use calculated double differential distribution
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e - Diy—)
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¢ 4Jdy—D(y—)

dw [dy—D(y—) |

is the off-set from the quark and gluon
momenta being equal and opposite

A Monte-Carlo needed to track
the momenta of each of the partons

Integrating out the l qL

do / a(l1)P(y) / _q < i )
— ~ [ dy d(™ = |2 — 2cos C
di? 12 Sl 27y(L—y)” /.




What exactly is being retained?

We are retaining terms that
keep one propagator
off-shell

Similar to the case of no
scattering 1n vacuum

Introduces medium
dependent correction to

vacuum emission process

Involves interference

between states of different
virtuality.



What is resummed?

Resum higher order contributions
that are enhanced within the restricted
phase space of the process.

L] /@2 di2
g ——
log(Q?)_ 1

9] q
—— Medium vacuum = sum



Resummation by Differentiation:
DGLAP and Sudakov form factor

Assume large scale separation from D(z) or J(z)
factorization of final state and DGLAP evolution

aD(ZvQQ) _ bg dy
0 log ()? _%/?[

P(y) + AP(y)], D(2/y, Q")

Integral solution, by introducing the Sudakov form factor.

dQ7 A(Q) /dy Qg

D(z,Q%) = A(Q)D(z,Qo) + Q2 AQ) ) y on

(ﬁ + Ap) D(z/y,Q7)

Probability of no resolvable emission between QQ and Qo

A(Q) = . fgg ¢t [ dy(P(y)+AP(y))



How does it affect virtuality evolution

Results from MATTER evolution

Need good eyes to see
the energy loss

T a— 1GeV2/fm 2 fm
Scattering keeps the virtuality N S
. . — = g=2GeV/fm, 2 fm
from dropping as in vacuum

—=Qq = 1 GeV’/fm, 4 fm

After a certain length, virtuality
is low enough to switch to
another formalism

A.M. ]. Putschke Phys.Rev. C93 (2016) no.5, 054909



How important is this?

® What if we only had MATTER and nothing else?

® Something needs to be done with the partons that come
down to Q ~ 1 GeV.

® In vacuum: send to hadronizer

® simple model: motivated by AdS/CFT, remove partons that
are more than 1fm inside QGP, when they reach Q=1GeV.

® better approximation, hand off to a low Q model.

® This could be different depending on energy of parton.



How important is this?

Hydro: VISH2+1D si

ngle shot

(o) PHENIX 0-10%
O PHENIX 40-50%
== === calculation 0-10%
calculation 40-50%

Au-Au @ 200 GeV

single hadron
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http://arxiv.org/abs/arXiv:1712.10055

Going to lower virtuality
LBT / MARTINI
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Transverse momentum is generated by the multiple scattering.

I3~ Zku ~ 41y



Going to lower virtuality
LBT / MARTINI
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Going to lower virtuality
LBT / MARTINI

Partons are now close to “‘on-shell” ~ gt
Can use a Master equation to calculate the change in the distribution

The rates of changing p to p + k under multiple scattering have to be

calculated
:/Pq(p_|_k>w _ Pq(p) drgg(p’ k)
No further enhancement k dkdt dkdt
dT9 (p+k, k)
2P Py—49~ " 7
from phase space of +25 (p+k) — =,
radiation A9 (p+k, p) dl'9 (p+k, k)
= [ P(p+k)—2 P (ptk) 2
C . dryg (p,k) drd (p,k)
—P qq g4 @ 2]€—
emission is as suppressed 3(p) < ot Ol p))
Thus separated by long

time. S. Jeon & G. Moore Phys.Rev. C71 (2005) 034901



The rate

The AMY rates used in MARTINI k) _ Cogy L 1 x

dkdt 167p” 1 e k/T 14+ e (p—k)/T
SRy q—qg

Rates are different in LBT " Nf% 7 — qq

1+ 4+ (1—2)*
A g g

Simulation is similar. . / d2h
(2m)?

E...=50GeV, T=250 MeV

2h-Re F(h,p, k),

Sample the time integrated
rate of find the time when an g

—— LBT E
- = « MARTINI
>

emission occurs.

dN /dE (GeV'hH

Start process after each
emission

dN / dE (GeV™h)

CUI‘VQS by S Cao and C Park 01020 30 40 50 0 10 20 30 40 50 60 ) 10 20 30 40 50 ( 10 20 30 40 5
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Transitioning from one effective theory to another

® (Go to an overarching theory

® NLO: 1+2 gluon emission

® [ ook for regions where the leading pole dominates (HT)

® [.ook for regions where there is no enhancement from emission (AMY)

® Parametrically separate the two regions, and study the intermediate region




Simulating this on a parton-by-parton level is hard

® We do a sudden approximation

® Use invariant virtuality of parton to transition

® Above Qp use MATTER, below use MARTINI or LBT

vacuum
E_=50Gev J |- — - MATTER
T I |— — MARTINI
L=41im —— MAT + MAR

® For E<Ep, use AdS/CFT.
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® Interesting results for jet shape

A
®2<qt<3GeV

dN / dE (GeV™h

S. Cao (JETSCAPE) Phys.Rev. C96 (2017) no.2, 024909
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Simulating this on a parton-by-parton level is hard

® We do a sudden approximation

® Use invariant virtuality of parton to transition

® Above Qpuse MATTER, below use MARTINI or LBT

% 0
0 ()102 0.3 0.4 0 01020304
% Q, =2 GeV

® For E<Ep, use AdS/CFT.

dE / d6 (GeV)

® Interesting results for jet shape

E..=50GeV L=41fm

- init

AN
®2<qt<3GeV

0 9 0
0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4
Q,=3GeV dynamical Q,

dE / d8 (GeV)

S. Cao (JETSCAPE) Phys.Rev. C96 (2017) no.2, 024909




A realistic matching calculation

Heavy-Ion collisions are
not static bricks!

q falls very quickly, much = o5 057

e ALICE 0-5%
MAT + LBT
faster than 1/x.

MAT + LBT Qo =2 GeV
Q(): 1 GeV

This artificially enhances
the MATTER portion

There can be hotspots

Pure LBT

where q increases and
from PLLB 777 (2018)

then decreases

How to decide which is the
right way: more observables
Bayesian routines.




Some shameless advertisement

Modify, input parameters e.g., G, e.
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Some shameless advertisement

Modify, input parameters e.g., G, e.

Detector
simulation

Statistical
fit test

/1

hadronization

nomenological input:
ansport coefficients
Energy deposition

Hard & semi-hard

5
. n
‘ I & d
L T S o >
us Fluid dynamics of QGP * Hadronic cascade H E o =
E O
©
o
Success!

JETSCAPE Event Generator



some more shameless advertisement

® Multi-Phase transport may solve the heavy-quark puzzle.
® Heavy quarks do not have a BDMPS/AMY phase

® Because of mass,
semi-hard heavy quarks
have a DGLAP phase -
ree-Bg q/ T =5.03
followed by a ' ¢ : [ D.(2T) = 5.00 |
Gunion-Bertsch phase

® Also heavy-quarks can radiate
due to longitudinal diffusion
/e\, and /e\z,

Pb-Pb @ 5.02 TeV (m.b.)

® Upcoming inclusion in JETSCAPE




Summary

® Jets are multi-scale objects
® Resolve the medium at different length scales
® Behave differently at different length scales

® Different physical approaches lead to different types of MC
simulation

® Some theoretical development still necessary for transition regime

® Need a sophisticated event-generator framework to study the entire
set of observables

® Need extensive statistical routines and a framework to compare
with experimental data.



